The Ca 2+ -binding protein of the EF-hand type, S100B, is abundantly expressed in and secreted by astrocytes, and release of S100B from damaged astrocytes occurs during the course of acute and chronic brain disorders. Thus, the concept has emerged that S100B might act an unconventional cytokine or a damageassociated molecular pattern protein playing a role in the pathophysiology of neurodegenerative disorders and inflammatory brain diseases. S100B proinflammatory effects require relatively high concentrations of the protein, while at physiological concentrations S100B exerts trophic effects on neurons. Most, if not all of the extracellular (trophic and toxic) effects of S100B in the brain are mediated by the engagement of RAGE (receptor for advanced glycation end products). We show here that high S100B stimulates murine microglia migration in Boyden chambers via RAGE-dependent activation of Src kinase, Ras, PI3K, MEK/ERK1/2, RhoA/ROCK, Rac1/JNK/AP-1, Rac1/NF-κB and, to a lesser extent, p38 MAPK. Recruitment of the adaptor protein, diaphanous-1, a member of the formin protein family, is also required for S100B/RAGE-induced migration of microglia. The S100B/RAGE-dependent activation of diaphanous-1/Rac1/JNK/AP-1, Ras/Rac1/NF-κB and Src/Ras/PI3K/RhoA/diaphanous-1 results in the upregulation of expression of the chemokines, CCL3, CCL5 and CXCL12, whose release and activity are required for S100B to stimulate microglia migration. Lastly, RAGE engagement by S100B in microglia results in upregulation of the chemokine receptors, CCR1 and CCR5. These results suggests that S100B might participate in the pathophysiology of brain inflammatory disorders via RAGE-dependent regulation of several inflammation-related events including activation and migration of microglia.
S100B is a Ca
2+ -binding protein of the EF-hand type abundantly expressed in astrocytes (1) . S100B has been implicated in the regulation of astrocyte shape, migration, proliferation and differentiation via activation of the Src/phosphatidylinositol 3-kinase (PI3K) 3 module and PI3K-dependent stimulation of Akt and RhoA activities and hence of the supramolecular organization of F-actin (2) . S100B also regulate the state of assembly of microtubules and type III intermediate filaments (3) and the cytosolic Ca 2+ concentration (4) . Besides having intracellular regulatory activities, S100B also exerts extracellular effects. Indeed, astrocytes secrete the protein constitutively and to a larger extent under the action of several stimuli including the proinflammatory cytokine, tumor necrosis factor (TNF)-α (see for review Ref. 1) . Moreover, levels of brain S100B are elevated in the aging brain and in several pathological conditions such as Alzheimer's disease, brain infarct, epilepsy and infectious diseases, as well as in Down syndrome (5, 6) in consequence of S100B human gene mapping to chromosome 21q22.3 (7) . For example, hypertrophic astrocytes in peri-infarct areas and in neuritic plaques in Alzheimer's disease and Down syndrome show elevated expression levels of S100B, and S100B can be detected outside hypertrophic astrocytes (8, 9) pointing to secretion/release of high amounts of the protein under these conditions. Also, old, but not young S100B transgenic mice show hypertrophic astrocytes and an enhanced expression of β-amyloid precursor protein in nearby neurons (10) . Lastly, S100B TG mice show increased susceptibility to perinatal hypoxia-ischemia (11) , and overexpression of S100B has been shown to accelerate Alzheimer disease-like pathology with enhanced astrogliosis and microgliosis (12) . Owing to these observations, the concept has emerged that S100B, when present in the brain extracellular milieu in relatively high amounts, might act as an unconventional cytokine and/or a damageassociated molecular pattern (DAMP) molecule playing a role in the pathophysiology of neurodegenerative disorders and inflammatory brain diseases (1, (5) (6) (7) (8) (9) (10) (11) (12) (13) . Indeed, treatment of astrocytes with S100B results in upregulation of expression of inducible nitric oxide synthase (iNOS), stimulation of iNOS activity, NO release and NO-dependent killing of astrocytes and cocultured neurons (14, 15) , and in stimulation of release of the inflammatory cytokine interleukin (IL)-1β (16) . Neurons and microglia also were shown to be targets of extracellular S100B. Specifically, S100B was shown to cause neuronal death by increasing reactive oxygen species production in neurons (17, 18) , to upregulate iNOs expression in and stimulate NO release by microglia in the presence of bacterial endotoxin or interferon-γ (19, 20) , to upregulate the expression in and the release of IL-1β and TNF-α by microglia (14, (21) (22) (23) , to upregulate the expression of the proinflammatory enzyme, cyclo-oxygenase (COX)-2, in microglia (22) , and to synergize with IL-1β and TNF-α to upregulate COX-2 expression in microglia (23) . Most of these effects were observed at relatively high doses of S100B, pointing to the need of accumulation of the protein in the brain extracellular space for it to act as an inflammatory cytokine/DAMP factor and/or a neurotoxic factor. Also, S100B was shown to bring about those effects by engaging the receptor for advanced glycation end products (RAGE) for the most part (24) . RAGE is a multiligand receptor belonging to the immunoglobulin superfamily playing an important role in innate immune response including macrophage migration and activation (25) (26) (27) (28) . However, at the nanomolar concentrations at which S100B is found in the brain extracellular space under normal physiological conditions and at the very beginning of brain insult (1), S100B was reported to exert trophic effects, protecting neurons against pro-apoptotic stimuli and promoting neurite outgrowth again via RAGE engagement (17, (29) (30) (31) (32) , and reducing the activation of microglia by neurotoxic agents (33) .
Microglia, the brain-resident macrophages, become activated in case of brain injury thus contributing to the pathophysiology of inflammatory brain diseases and brain damage by releasing NO and inflammatory products such as prostaglandins, cytokines and chemokines (34) (35) (36) . However, according to recent views microglia are active players in brain tissue homeostasis under normal physiological conditions, continuously patrolling the territory, exerting a protective action by virtue of their ability to keep the neuronal and astrocytic extracellular milieu clean, and likely resolving mild degree brain insults (37, 38) . Microglia also release chemokines that stimulate the migration and proliferation of cerebellar granule cells and cortical neuron progenitors thus promoting neurogenesis (38) (39) (40) . We show here that: 1) at proinflammatory, but not low doses S100B stimulates microglia migration via RAGE signaling-dependent upregulation of the expression of CCL3, CCL5 and CXCL12 chemokines and their release; and 2) however, at low doses S100B can stimulate RAGEoverexpressing microglia migration. These S100B effects require RAGE-dependent activation of Src kinase, Ras, mitogen-activated protein kinase kinase (MEK)/extracellular signal-regulated kinases 1/2 (ERK1/2), phosphatidylinositol 3-kinase (PI3K)/Akt, Rac1-Cdc42, c-Jun NH2 terminal protein kinase (JNK)/activating protein-1 (AP-1), nuclear factor κB (NF-κB), the RhoAassociated kinase (ROCK), and to a lesser extent, p38 mitogen-activated protein kinase (MAPK), and the presence/activity of diaphanous-1. The present observations support the concept that extracellular S100B act as a DAMP factor participating in the pathophysiology of brain inflammatory disorders via RAGE-dependent regulation of several inflammation-related events such as activation and migration of microglia.
Experimental Procedures
S100B -Recombinant bovine S100B, which is 97% identical to mouse S100B, was expressed and purified as reported (17, 41) and made free of bacterial endotoxin as described (23) . The S100B concentration was calculated using the M r of the S100B dimer, i.e. 21 kDa.
Cell culture -The murine BV-2 microglial cell line was obtained and characterized as described (20, 42, 43) . Cells were cultivated in RPMI 1640 containing 10% heat inactivated fetal bovine serum (FBS) (Hyclone Laboratories, Lagan, UK) supplemented with L-glutamine (4 mM), penicillin (100 U/ml) and streptomycin (0.1 mg/ml) in H 2 O-saturated 5% CO 2 atmosphere at 37°C. BV-2 microglia were tested periodically and resulted negative for mycoplasma contamination. Primary microglia were isolated from 6-day-old CD rat (Charles River), wild-type (WT) C57BL/6 (Charles River) mouse and Rage -/-by guest on September 16, 2017 http://www.jbc.org/ Downloaded from S100B stimulates microglia migration RAGE-dependently Bianchi et al. mouse brain, and characterized and cultivated as described (44) . BV-2 microglia stably transfected with human RAGE cDNA (BV-2/RAGE microglia), human RAGEΔcyto cDNA (BV-2/RAGEΔcyto microglia) or empty vector (BV-2/mock microglia) were obtained as described (45) . RAGEΔcyto is a RAGE mutant lacking the cytoplasmic and transducing domain (46, 47) . BV-2 microglia express RAGE (45, 46) , and BV-2/RAGE microglia express larger amounts of the receptor compared with WT BV-2 microglia while BV-2/RAGEΔcyto microglia express endogenous RAGE plus the signaling-deficient RAGE mutant, RAGEΔcyto (45). BV-2/mock, BV-2/RAGE and BV-2/RAGEΔcyto microglia were cultivated as above except that gentamicin (5 µg/ml) was used instead of penicillin and streptomycin.
Migration assay -Migration assays were performed using Boyden chambers (pore size, 8 μm) (Falcon). Cells in Dulbecco's modified Eagle's medium (DMEM) were seeded in the upper chamber, and the insert was placed in the lower chamber of a 24-well dish containing DMEM plus or minus S100B, and incubated at 37°C for 2-6 h according to the manufacturer's instructions. Cells on the upper side of the filters were removed with cotton-tipped swabs, and the filters were fixed in methanol for 2 min and stained with 0.05% crystal violet in PBS for 15 min followed by representative counts of ten randomly selected microscope fields.
Transfections and other treatments of microglia -Transient transfections were carried out using Lipofectamine 2000 as recommended by the manufacturer. Briefly, microglia cultured in 10% FBS without antibiotics were transfected with expression plasmid N17Rac1, N17Cdc42, N17Ras or N19RhoA (constitutively inactive forms of Rac1, Cdc42, Ras and RhoA, respectively), IκBαSR (a non-phophorylatable form of the NF-NB inhibitor, IκBαSR) (48), or empty vector. After 24 h, the medium was changed to RPMI 1640 and the cells were detached by agitation and layered on the upper well of Boyden chambers for transmigration assay. Transfection efficiency was estimated by transfecting parallel cells with green fluorescent protein (GFP) cDNA. The percentage of GFPpositive cells (20 to 25%) was determined by fluorescence-activated cell sorter analysis. Parallel cells were analyzed for viability by trypan-blue exclusion assay and by a tetrazolium-based (MTT) colorimetric assay. No significant changes could be registered in the numbers of cells transfected with expression plasmids or empty vector (data not shown). For RNA interference, microglia were transfected with Stealth RNAi Negative Universal Control or diaphanous-1 siRNA (Invitrogen) using Lipofectamine 2000 according to the manufacturer's instructions. After 72 h the cells were cultivated in RPMI 1640 and processed as described in Fig. 3 . Where required, cells were treated for 1 h with PP2 (Calbiochem) (20 μM), SP600125 (Calbiochem) (20 μM), LY294002 (10 µM) (Alexis), NSC23766 (Calbiochem) (50 µM), PD98059 (Calbiochem) (30 µM), Bay 11-7082 (Calbiochem) (5 µM), SB203580 (Calbiochem) (5 µM), Y27632 (Calbiochem) (10 µM), BoxA (HMG Biotech) (200 ng/ml), pertussis toxin (PTX) (Sigma) (100 ng/ml), RAGE-neutralizing antibody (N16, Santa Cruz Biotechnology, 10 µg/ml) (49) or 10 µg/ml non-immune IgG in RPMI 1640 before migration assay.
Western blot analyses -BV-2 microglia (3x10 5 ) were seeded in 24-multiwell plates and cultivated in the presence or absence of S100B. Cells were then solubilized with 2.5% SDS, 10 mM Tris-HCl, pH 7.4, 0.1 M dithiothreitol, 0.1 mM tosylsulfonyl phenylalanyl chloromethyl ketone protease inhibitor (Roche) for Western blot analyses. Phosphorylated Src, JNK, ERK1/2, p38 MAPK, Akt and p65 NF-κB were detected using a polyclonal anti-phosphorylated Src (Ser416) (1:1,000, Cell Signaling Technology), JNK (Thr183/Tyr185) antibody (1:1,000, Cell Signaling Technology), a polyclonal antiphosphorylated (Thr202/Tyr204) ERK1/2 antibody (1:2,000, Cell Signaling Technology), a polyclonal anti-phosphorylated (Thr180/Tyr182) p38 MAPK antibody (1:1,000, Cell Signaling Technology), polyclonal anti-phosphorylated (Ser473) Akt (1:1000; Cell Signaling Technology) and a polyclonal anti-phosphorylated (Thr534) p65 NF-κB (1:1,000, Cell Signaling Technology) antibody, respectively. Total Src, ERK1/2, p38 MAPK, Akt and p65 NF-κB were detected using a polyclonal anti-Src (1:1,000, Cell Signaling Technology), anti-ERK1/2 antibody (1:20,000, Sigma), a polyclonal anti-p38 MAPK antibody (1:2,000, Cell Signaling Technology), polyclonal anti-Akt (1:1000; Cell Signaling Technology), and a polyclonal anti-p65 NF-NB antibody (1:1,000, Santa Cruz Biotechnology), respectively. Analysis of culture medium HMGB1 was performed as described (50) . Briefly, culture media were clarified by centrifugation, added with 1/100 volume of 2% sodium deoxycholate and subjected to precipitation with 1/10 volume of 100% S100B stimulates microglia migration RAGE-dependently Bianchi et al.
trichloroacetic acid. The resultant pellets were resuspended in Laemmli buffer and titrated with 1 N NaOH to obtain the normal blue color of the sample buffer, boiled for 5 min, and subjected to Western blotting using an anti-HMGB1 antibody (BD PharMingen). A monoclonal anti-α-tubulin (1:10,000, Sigma) was used to monitor protein loading on SDS gels. Peroxidase-conjugated secondary antibodies were from Sigma. Antibodies were diluted in blocking buffer (10 mM Tris-HCl, pH 7.4, 0.1 M NaCl, 5% nonfat dried milk powder, 0.1% Tween-20). The immune reaction was developed by enhanced chemiluminescence (ECL) (SuperSignal West Pico, Pierce).
Real-time PCR -BV-2 microglia were incubated with S100B as shown in Figs Determination of chemokines by ELISA -BV-2 microglia (5x10 5 /ml) were cultivated in the presence or absence of S100B. After 6 h, culture media were taken up, centrifuged and subjected to ELISA using commercial kits (R&D System) to measure CCL3 and CCL5. Each sample was tested in triplicate.
Immunofluorescence -BV-2 microglia (5x10 5 /ml) were cultivated for 3 h in the presence or absence of S100B on glass coverslips and processed for detection of F-actin and microtubules as described (2) .
Statistical analysis -Each experiment was repeated at least three times. Representative experiments are depicted in the figures unless stated otherwise. The data were subjected to analysis of variance (ANOVA) with SNK post hoc analysis using a statistical software package (GraphPad Prism version 4.00, GraphPad Software, San Diego, CA, www.graphpad.com). Statistical significance was assumed when p<0.05.
Results

S100B
stimulates microglia transmigration in a RAGE-dependent mannerWhen assayed at 2 h S100B stimulated BV-2 microglia transmigration in Boyden chambers at 5 and 10 µM, but not at lower concentrations (Fig.  S1A ). However, when assayed at 6 h, S100B stimulated BV-2/WT microglia transmigration dose-dependently with maximum stimulation at 1 μM and decreasing effect at higher concentrations (Fig. 1A) . Rat primary microglia responded to S100B again with no effects at nanomolar doses and stimulation of transmigration at 1 µM (Fig.  1B) . However, adding S100B (0.1 to 1.0 µM) to the cells in the upper well of Boyden chambers resulted in no changes in S100B-induced microglia transmigration relative to the internal control (i.e., no S100B present in upper wells) (Fig. 1C) , suggesting that S100B might not be a chemoattractant towards microglia per se but rather it might act in an indirect manner.
In the absence of S100B the extent of migration of BV-2 microglia overexpressing RAGEΔcyto, a RAGE mutant lacking the cytoplasmic and transducing domain (BV-2/RAGEΔcyto microglia), was significantly lower than that detected using BV-2/mock microglia, while the number of migrated RAGEoverexpressing BV-2 microglia (BV-2/RAGE microglia) was >4 times larger than that of BV-2/mock microglia under basal conditions (Fig.  1D ). These results suggested that RAGE signaling S100B stimulates microglia migration RAGE-dependently Bianchi et al.
plays an important role in microglia migration and that factors in the culture medium might stimulate basal microglia migration in a RAGE-mediated manner. One candidate RAGE agonist with ability to stimulate basal microglia transmigration is high mobility group protein 1 (HMGB1), an established RAGE ligand (51-53) released by activated macrophages (54) and implicated in RAGE-dependent migration of several cell types (55) (56) (57) (58) . Indeed, the microglia culture medium contained HMGB1 (Fig. 1E ), which might explain basal BV-2/mock microglia migration in the present assay and the enhanced basal migration of BV-2/RAGE microglia compared to BV-2/mock microglia. Consistently, treating primary and BV-2 microglia with BoxA, an HMGB1 antagonist (59), resulted in a significant reduction of basal migration ( Fig. 1F ). Yet, as mentioned earlier, adding S100B to the lower compartment of Boyden chambers resulted in stimulation of migration of rat primary, BV-2/mock and BV-2/RAGE, but not BV-2/RAGEΔcyto microglia (Fig. 1B,D) , and pretreatment of primary and BV-2 microglia with a RAGE neutralizing antibody resulted in the abrogation of S100B-stimulated migration along with a significant reduction of basal migration (Fig. 1B) . These results suggested that the ability of S100B to stimulate microglia migration was dependent on RAGE signaling, and it added to basal, HMGB1-induced migration. Consistently, at 6 h S100B did not stimulate the migration of Rage -/-microglia, while the protein efficiently stimulated migration of mouse WT microglia (Fig. 1G) . Also, similar to BV-2 microglia, at 2 h S100B (≥5 μM) stimulated mouse WT, but not Rage -/-microglia migration (Fig. S1B,C) . Notably, S100B stimulated microglia migration with the same efficacy irrespective of the absence or presence of BoxA (Fig. 1D ), in accordance with the specificity of BoxA blocking effect towards HMGB1 (60) . The present results also suggested that lack of effects of low doses of S100B on microglia migration might be dependent on inability of S100B to displace RAGE-bound HMGB1, as HMGB1 and S100B both bind to RAGE V domain (61, 62) .
Whereas at 1 μM S100B caused a ~4-times increase in the number of BV-2/mock migrated cells, the protein caused only a ~2-times increase in the migration of BV-2/RAGE cells, compared to controls (Fig. 1A) . This might be a consequence of the presence of HMGB1 in the microglia culture medium, which might enhance basal migration of BV-2/RAGE cells. Thus, the stimulatory effect of S100B on microglia migration was dependent on functional RAGE and, to a certain extent, the amount of expressed RAGE.
In addition, low S100B stimulated the migration of RAGE-overexpressing BV-2 microglia (BV-2/RAGE microglia) (Fig. 1A,C) . This suggested that increasing the RAGE abundance might make low S100B add its stimulatory effect on microglia migration to that of HMGB1. S100B stimulates microglia migration via multiple pathways -We have previously shown that S100B signals to the small GTPases, Ras, Rac1 and Cdc42, via RAGE ligation in microglia with ensuing activation of the transcription factors, NF-κB and AP-1, leading to upregulation of COX-2, IL-1β and TNF-α expression (22, 23) , and others have reported that RAGE engagement results in activation of Src kinase in monocytes/macrophages and vascular smooth muscle cells (63, 64) . At proinflammatory doses S100B enhanced the phosphorylation (activation) levels of ERK1/2, p38 MAPK, JNK, Akt and Src (Ser416) kinases and of NF-κB (p65) in microglia ( Figs. 2A and S2 ). Inhibition of Src using PP2 and of the Akt upstream activator, PI3K, using LY294002, resulted in reduced ability of S100B to activate Akt while leaving the S100B's stimulatory effect on NF-κB unaffected ( Fig. 2A) . By contrast, inhibition of Rac1 by NSC23766 significantly reduced S100B-dependent activation of NF-κB (p65) ( Fig. 2A) (also see Refs. 22, 23) . This suggested that besides signaling to Ras, Rac1 and Cdc42 to activate NF-κB and AP-1 (22,23), S100B/RAGE activated a Src/PI3K/Akt module in microglia that did not impinge on NF-κB, though. Yet, S100B-dependent transmigration of microglia was abrogated when the cells were pretreated with inhibitors of either Src kinase (PP2), JNK (SP600125), PI3K (LY294002), Rac1 (NSC23766), MEK/ERK1/2 (PD98059) or NF-κB (Bay 11-7082), and significantly reduced, but not abrogated when the cells were treated with an inhibitor of p38 MAPK (SB203580) (Fig. 2B) . Also, treatment of BV-2 microglia with Y27632 (Fig. 2B) , a specific inhibitor of the RhoAassociated kinase, ROCK, or transfection with a dominant negative mutant of either Ras, Rac1, Cdc42 or RhoA or transfection with IkBαSR, a non-phosphorylatable mutant of the endogenous NF-κB inhibitor, IkBα, resulted in reduction of basal and S100B-dependent migration (Fig. 2C) . However, S100B still stimulated JNK activity in the presence of the Src inhibitor, PP2 ( Fig. 2A) , suggesting that S100B's stimulatory effect on microglia migration relied on RAGE-dependent activation of a Ras/Rac1-Cdc42/NF-κB, a Ras/MEK/ERK1/2/NF-κB, a Ras/Rac1-Cdc42/JNK/AP-1 and a Src/Ras/PI3K/RhoA/ROCK pathway, and individual pathways resulted to be necessary for S100B/RAGE-stimulated microglia migration. Interestingly, a dramatic reduction of basal and S100B-stimulated microglia migration was observed with 20-25% transfection efficiency using either dominant negative Ras, RhoA, Rac1 or cdc42, or IkBαSR. This suggested that abolition of the activity of anyone of these Gproteins or IkBαSR in 20-25% of cells might result in profound alteration of e.g. secretion of factors required for microglia migration (an analysis of which is beyond the scope of the present work). Of note, no toxic effects of transfection that might result in reduction of cell numbers were observed. We reported that transfection (20-25% transfection efficiency) of microglia with the above mutants under the same conditions used in the present work resulted in abrogation of S100B ability to upregulate COX-2 and to activate JNK and NF-κB, again with no evidence for toxic effects (22) . S100B/RAGE recruits diaphanous-1 in microglia -Recent work indicated that RAGE signals to Rac1 via diaphanous-1 to induce glioma cell migration (65) , and diaphanous-1 was proposed to activate Src (66) . Thus, we investigated the possibility that S100B-dependent RAGE engagement in microglia might result in recruitment of diaphanous-1 with consequent activation of multiple pathways leading to NF-κB and/or JNK/AP-1 activation and to microglia chemoattraction. Diaphanous-1 is an adaptor protein of the formin family that mediates the effects of RhoA on cell motility and the cytoskeleton (67-69) as well as of Cdc42 and Rac1 signaling (65) , and Cdc42 might play an important role in the activation of diaphanous-1 (70) . We found that knockdown of diaphanous-1 by RNA interference in microglia (Fig. 3A) resulted in negation of S100B/RAGE-induced Src and JNK activation (Fig. 3B ) and microglia transmigration (Fig. 3C ), but not of p38 MAPK, ERK1/2 or NF-κB activation (Fig. 3B) . These results established that S100B/RAGE-dependent activation of Src and JNK was dependent on diaphanous-1. However, the S100B/RAGE ability to activate NF-κB in microglia proved not crucially dependent on Src or diaphanous-1 activity and was likely dependent on activation of a Ras/Rac1 module as well as a Ras/MEK/ERK1/2 and/or p38 MAPK pathway (22, 23) . Alternatively, the reduced activity of JNK that occurred in diaphanous-1 siRNA-treated microglia (Fig. 3B ) might result in activation of NF-κB; it is known that NF-κB and JNK reciprocally modulate their activation state (71, 72) . S100B upregulates CCL3, CCL5 and CXCL12 chemokine expression via RAGE engagement -Although the bell-shaped pattern of S100B-dependent microglia transmigration (Fig.  1A) was suggestive of a chemoattractant effect of the protein towards microglia, results in Fig. 1C pointed to an S100B-dependent chemokinetic effect and/or S100B-induced secretion of chemoattractant factors. Thus, we investigated the possibility that S100B might stimulate the expression and release of chemokines. As investigated by real-time PCR we found that S100B upregulated the expression of the chemokines CCL3 (macrophage inflammatory protein-1a), CCL5 (RANTES) and CXCL12 (Fig.  4A ), but not CXCL1 or CXCL7 (data not shown). Specifically, when used at 1 µM S100B upregulated CCL3 expression with maximum stimulation at 3 h and significantly reduced effect at 7 h and 10 h, and upregulated CCL5 expression with a small effect at 1 h and a high effect at 3 h, 7 h and 10 h. S100B also upregulated the expression of CXCL12 at 30 min with declining effect thereafter (Fig. 4A) . At higher concentrations also S100B stimulated CCL3, CCL5 and CXCL12 expression (Fig. S3) . Thus, secretion of CCL3, CCL5 and CXCL12 might contribute to the S100B-dependent transmigration of microglia to a large extent. We concentrated on CCL3 and CCL5 in subsequent analyses. S100B effects on chemokine upregulation were dependent on RAGE signaling as no effects of S100B on CCL3 and CCL5 expression could be detected in BV-2/RAGEΔcyto microglia (Fig.  4B) , in BV-2/WT microglia pretreated with a RAGE neutralizing antibody or in Rage -/-microglia (data not shown). Pharmacological inhibition of Src, Rac1, PI3K, JNK, MEK/ERK1/2, p38 MAPK or NF-κB resulted in a significant decrease in S100B-induced expression of CCL3 mRNA (Fig. 4C) , while the stimulatory effect of S100B on expression of CCL5 mRNA was decreased by inhibition of Rac1, PI3K, JNK or NF-κB, but not Src, MEK/ERK1/2 or p38 MAPK (Fig. 4C) . However, knockdown of diaphanous-1 resulted in negation of S100B's ability to upregulate CCL3 and CCL5 mRNAs (Fig. 4D) . Thus, S100B-dependent engagement of RAGE appeared to impact on the expression of the two chemokines via different molecular mechanisms, i.e. activation of a diaphanous-1/Rac1/JNK/AP-1, a Src/Ras/MEK/ERK1/2/NF-κB, a Src/Ras/p38 MAPK/NF-κB and a Ras/Rac1/NF-κB pathway in the case of CCL3 and activation of a Ras/Rac1/NF-κB and/or JNK/AP-1 and a diaphanous-1/Rac1/NF-κB pathway in the case of CCL5. S100B stimulates CCL3 and CCL5 release via RAGE engagement -At 1 µM but not at 10 nM S100B stimulated CCL3 and CCL5 secretion by microglia at 6 h (Fig. 5A) , and pretreatment with a RAGE neutralizing antibody blunted this effect (Fig. 5B) . Also, no S100B-dependent stimulation of CCL3 and CCL5 secretion could be observed using BV-2/RAGEΔcyto microglia (Fig. 5A) or Rage -/-microglia (data not shown). Moreover, treatment of microglia with pertussis toxin (PTX), an inhibitor of chemokine receptor-associated G proteins, abolished S100B/RAGE-induced microglia migration (Fig. 5B) . By contrast, S100B did not stimulate HMGB1 release from microglia at 6 h (see Fig. 1C ). These results supported the possibility that S100B/RAGE-induced microglia migration might be mediated by secreted chemokines.
We also found that the conditioned medium (20 h) from control BV-2/mock microglia caused a ~100% increase in migration of BV-2/mock microglia, compared to the control (Fig.  5C ), likely due to the presence of basal levels of chemokines (Fig. 4A) , while the conditioned medium from S100B-treated BV-2/mock microglia caused a ~700% increase in migration likely due to the relatively high levels of chemokines released under the action of S100B (Fig. 5C) . However, the two conditioned media caused the same, modest (i.e. ~20%) increase in migration of BV-2/RAGEΔcyto microglia, that is the migratory performance of BV-2/RAGEΔcyto microglia was not enhanced by either conditioned medium. This suggested that S100B-stimulated RAGE signaling played an important role not only in the activation of signaling pathways leading to the upregulation of the expression of certain chemokines; it might also impact on the extent of expression of chemokine receptors and/or the molecular machinery responsible for microglia locomotion. This latter possibility was supported by the observation that whereas inhibition of RAGE function resulted in a significantly reduced basal migration (Fig. 1A,B) , treatment with PTX did not (Fig. 5B) .
S100B stimulates CCR1 and CCR5 expression in microglia via RAGE engagement -
Besides upregulating CCL3 and CCL5 expression (Fig. 5A) , S100B also upregulated the expression of the CCL3 and CCL5 receptors, CCR1 and CCR5, with no effects on CCR3, as measured at 5 h (Fig. 5D) . Notably, basal expression levels of CCR1 and CCR5 in BV-2/RAGEΔcyto microglia were ~75% smaller than in BV-2/mock microglia, and S100B did not change them (Fig. 5D) . These results suggested that: 1) RAGE signaling was required for induction of CCR1 and CCR5 in microglia, S100B enhancing this RAGE's effect; and 2) lack of stimulation of BV-2/RAGEΔcyto microglia migration upon treatment with BV-2/mock microglia conditioned media (Fig. 5A ) was dependent on defective expression of the two chemokine receptors, in part. S100B causes cytoskeleton rearrangements in microglia in a RAGEdependent manner -Whereas the few BV-2/RAGEΔcyto microglial cells found on the inferior side of the Boyden chamber filter exhibited a round and/or flat morphology regardless of the absence or presence of S100B in the bottom well, BV-2/mock microglia and, to a larger extent, BV-2/RAGE microglia that had transmigrated in the presence of S100B exhibited cell processes, that are typical of highly activated microglia (data not shown). To investigate this point in more detail, we exposed the three BV-2 microglial clones used in the present study directly to increasing doses of S100B and analyzed them by rhodamine-phalloidin staining. This procedure allows for the visualization of lamellipodia and the organization of F-actin, a cytoskeleton component that, when assembled into stress fibers, drives cell locomotion (73) (74) (75) . Lamellipodia formation at one cell side, which depends in Rac1 activation and is indicative of migration (73) (74) (75) , was detected rarely in BV-2/RAGEΔcyto microglia irrespective of the absence or presence of S100B up to 1 μM; only extremely short cell protrusions were detected in a small percentage (~6%) of the cells (Fig. 6) . By contrast and in agreement with the migration results in Boyden chambers (Fig. 1B) , BV-2/mock microglia showed lamellipodia in ~28%, ~40% and ~95% of the cells in the absence of S100B and in the presence of 10 nM and 1 μM S100B, respectively (Fig. 6A) . Lastly, BV-2/RAGE microglia showed lamellipodia in ~35%, ~70% and 100% of the cells in the absence of S100B and in the presence of 10 nM and 1 μM S100B, respectively (Fig. 6A ). As these morphological by guest on September 16, 2017 http://www.jbc.org/ Downloaded from S100B stimulates microglia migration RAGE-dependently Bianchi et al.
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changes were detected as early as 3 h after exposure of microglia to S100B it is possible that they reflected S100B-stimulated ability of RAGE to enhance Rac1 ability to induce lamellipodia formation and RhoA/ROCK-dependent stimulation of actomyosin contraction (and, hence, cell migration) in addition to S100B/RAGE ability to stimulate Rac1 signalingdependent chemokine expression. It is known that RAGE can signal to Rac1 in several cell types (22, 47, 49, 65) , and that RAGE signaling to Rac1 is required for RAGE-mediated C6 glioma cell migration (65) . Thus, S100B-stimulated ability of RAGE to activate Rac1 might serve a dual function in microglia, producing the cytoskeleton rearrangement required for cell shape changes during locomotion and inducing chemokine expression and release.
Discussion
We have shown that S100B stimulates microglia transmigration in Boyden chambers in a RAGEand dose-dependent manner. S100B enhanced the migration of primary microglia, BV-2 microglia and BV-2 microglia overexpressing RAGE but not BV-2 microglia overexpressing a RAGE mutant lacking the cytoplasmic and transducing domain, microglia pretreated with a RAGE neutralizing antibody or Rage -/-microglia. The stimulatory effect on microglia migration was detected using S100B at proinflammatory doses (e.g., 1 µM) like those shown to be present in the extracellular milieu in case of brain damage (8, 9) . No effects of the protein at nanomolar concentrations were detected unless the amount of expressed RAGE was increased, in which case nanomolar doses of S100B efficiently stimulated microglia migration. These latter findings might be explained by the observation that RAGE undergoes ligand-induced oligomerization which appears to be required for RAGE's signaling (76, 77) , or RAGE ligands stabilize naturally occurring RAGE oligomers, an event also proposed to be necessary for RAGE signaling (78) ; it is possible that increasing the amount of expressed RAGE might either favor (low) S100B-dependent RAGE oligomerization and signaling or increase the probability that preformed RAGE oligomers become stabilized thereby signaling. Overall, the fact that relatively high concentrations of S100B are required for RAGEdependent stimulation of microglia migration suggests that RAGE's ability to activate downstream signaling pathways upregulating chemokine expression might be strongly dependent on a high extent of ligand-induced RAGE oligomerization.
RAGE engagement in several cell types including monocytes/macrophages/microglia results in the activation of several downstream signaling pathways ultimately leading to NF-κB-and AP-1-dependent transcription of proinflammatory genes (22, 23, 26, 27, 79) . Intermediates linking S100B/RAGE to NF-κB and AP-1 in microglia include Ras, Rac1 and Cdc42 (22, 23) . In the present work we have shown that S100B/RAGE also activates Src kinase in microglia, and inhibition of either Src, Ras, Rac1, Cdc42, PI3K, JNK, MEK/ERK1/2, p38 MAPK or NF-κB results in reduction of S100B/RAGE induced microglia transmigration. Likewise, knockdown of the adaptor protein, diaphanous-1, which was shown to mediate RAGE-dependent activation of Rac1 and Cdc42 in C6 glioma cell migration (65) and to act upstream of Src (66), results in reduced S100B/RAGE-dependent microglia transmigration. However, inhibition of Rac1 but not Src resulted in reduced S100B/RAGE-dependent JNK/AP-1 and NF-κB activation, and knockdown of diaphanous-1 resulted in reduced S100B/RAGE-dependent JNK/AP-1 but not NF-κB activation. Thus, we propose that S100B/RAGE-dependent transmigration of microglia relies on stimulation of a diaphanous-1/Rac1-Cdc42/JNK/AP-1, a Ras/Rac1-Cdc42/NF-κB and a Src/Ras/MEK/ERK1/2/NF-κB (Fig. 6B) . We additionally show that S100B/RAGE signals to a Src/Ras/PI3K module to activate RhoA/ROCK, which is responsible for actomyosin contraction during cell locomotion (73) (74) (75) . Also, as diaphanous-1 is a RhoA effector (68) (69) (70) , it is possible that S100B/RAGE/diaphanous-1/Src/PI3K-dependent activation of RhoA translates into a reinforcement of Rac1-Cdc42 signaling via diaphanous-1, with Rac1 in turn potentiating RhoA signaling (80) and Cdc42 potentiating diaphanous-1 activity (70) in a feedforward loop. However, diaphanous-1 might not be the sole intermediate linking S100B/RAGE to Src and Rac1-Cdc42 because inhibition of either Ras, Rac1 or Cdc42 resulted in negation of S100B-dependent activation of NF-κB (22,23) while inhibition of Src or knockdown of diaphanous-1 did not. Thus, another as yet unknown intermediate might link S100B/RAGE to Ras/Rac1 with ensuing NF-κB activation (Fig.  6B) .
Our results suggest that: 1) S100B causes RAGE-dependent upregulation and secretion of CCL3, CCL5 and CXCL12 chemokines; 2) chemokine release and activity are responsible for S100B/RAGE-dependent transmigration of microglia; 3) S100B also causes RAGEdependent induction of the chemokine receptors, CCR1 and CCR5; and 4) however, S100B-dependent RAGE activation also impact on the molecular machinery responsible for microglia migration. This is the first evidence presented that S100B can induce chemokine expression in and release by inflammatory cells and chemokine receptor expression. Rac1 activation appears to play a pivotal role in S100B/RAGE-induced microglia migration, signaling to NF-κB and JNK/AP-1 thereby upregulating chemokine expression, and inducing the cytoskeleton changes responsible for lamellipodia formation.
It should be pointed out that RAGE is expressed at relatively low levels in microglia under normal physiological conditions, becoming upregulated in the course of brain disorders (81) . Thus, our results suggest that by (over)expressing RAGE, activated microglia might become sensitive to concentrations of S100B that would be otherwise neuroprotective (17, (29) (30) (31) (32) , therefore switching a neurotrophic factor into a proinflammatory factor. As S100B accumulates in the brain extracellular space in case of damage (8, 9) , increases in the S100B local concentration might contribute to amplify and/or propagate the inflammatory response by activating microglia and stimulating their migration. However, activation of microglia might not be necessarily detrimental; microglia also help to clear cellular debris and harmful products (e.g., β-amyloid deposits) and are proposed to resolve mild brain insults without mounting a clinically observable inflammatory response (37, 38) . Thus, S100B-dependent stimulation of microglia migration might be part of a wide array of regulatory effects of S100B on microglia including but probably not restricted to exacerbation of inflammation. In addition, the low levels of expression of RAGE in neurons under normal physiological conditions (81) might make it possible that basal levels of extracellular S100B may exert RAGE-dependent trophic effects on neurons (1).
Both BV-2 and primary microglia express RAGE (24, 82) , indicating that the immortalization of the BV-2 microglial cell line and the procedure of isolation of primary microglia, respectively, caused RAGE to become expressed to a significant level. Thus, both, BV-2 and primary microglia, can be viewed as activated microglia, as also supported by the findings that they express basal levels of cytokines and COX-2 (22,23) and chemokines (this report) and are able to phagocytose (20, (83) (84) (85) . In principle, the low expression level of RAGE in microglia under normal physiological conditions might make it possible that (low) S100B may have a role in microglia patrolling activity (38) . Our observation that at non proinflammatory doses S100B can induce RAGE-dependent changes in microglial shape that are typical of migrating cells (Fig. 6A ) supports this notion. Also, it is tempting to speculate that at proinflammatory doses S100B, by inducing CCL3 expression in microglia, not only might participate in stimulation of microglia migration to the site of damage; it might increase the transmigration of blood-born inflammatory cells across brain capillaries (86) .
In conclusion, the present results suggest that extracellular S100B might participate in inflammatory processes in the brain by enhancing microglia activation (via induction of cytokine and COX-2 expression and cytokine release) and by stimulating microglia migration (via upregulation of chemokine expression and stimulation of chemokine release) through RAGE engagement. RAGE expression appears to be an obligate step in this process as in the absence of functional RAGE no S100B-dependent activation and attraction of microglia could be documented. Up to nanomolar concentrations, however, S100B exerts protective effects on neurons and, again, RAGE expression appears to be an obligate step in this process (17) , and it might participate in microglia-based brain homeostasis, thus highlighting the janus face of S100B (1, 5) . Future analyses should focus on the timing of (over)expression of RAGE in neurons and microglia in the insulted brain and establish the minimal level of RAGE expression in each one of these cell types required for S100B neuroprotective and neurotoxic effects.
FOOTNOTES
Figure legends
Fig. 1. S100B stimulates BV-2 microglia migration in a RAGE-dependent manner. A. Migration assays were performed using Boyden chambers. Cells (1x10 5 ) were seeded onto the top of transwell migration chambers and allowed to migrate for 6 h toward S100B or medium alone negative control placed in the lower chamber. B. Conditions were as in A except that BV-2 or rat primary microglia were pretreated with non-immune IgG or a RAGE neutralizing antibody for 60 min and then transferred to the upper chamber. C. Conditions were as in A except that S100B (0 to 1.0 µM) was added to the cells placed on the upper well of Boyden chambers, where indicated. D. Conditions were as in A except that WT BV-2 microglia (BV-2/WT), mocktransfected BV-2 microglia (BV-2/mock), BV-2 microglia stably expressing a RAGE mutant lacking the cytoplasmic and transducing RAGE domain (BV-2/RAGEΔcyto) or BV-2 microglia stably overexpressing full-length RAGE (see Experimental Procedures) were used. E. BV-2 microglia were cultivated in DMEM for 6 h in the presence of increasing S100B concentrations. The culture media were collected, trichloroacetic acid-precipitated as described in Experimental Procedures, and subjected to Western blotting using an anti-HMGB1 antibody. Residual cells were lysed and cell lysates were probed with anti-HMGB1 antibody. Also shown is a Western blot of tubulin. F. BV-2 microglia were pretreated with BoxA and allowed to migrate for 6 h toward medium alone placed in the lower chamber. Results are expressed as the mean ± SD (n=3) (A-D,F,G). G. Mouse WT and Rage -/-microglia were subjected to migration assay as described in A in the presence of increasing S100B concentrations. *Significantly different from control (first column in panels A,C,F,G) or from internal control (first column from left in each group in panels B,D).
# Significantly different from the corresponding column in the BV-2/WT + IgG group or the primary microglia group in panel B and in the BV-2/mock group in panel D. Fig. 2 . S100B activates ERK1/2, p38 MAPK, JNK, Src(Ser416), Akt and NF-κB in microglia, and S100B-induced migration of microglia is differentially regulated by signaling molecules downstream of RAGE. A. BV-2 microglia were treated with 1 µM S100B for 30 min. Where required BV-2 microglia were pretreated with 20 µM PP2 (inhibitor of Src), 10 µM LY294002 (inhibitor of PI3K) or 50 µM NSC23766 (inhibitor of Rac1) before exposure to 1 µM S100B. Cells were harvested and processed for Western blotting to detect phosphorylated Src(Ser416), ERK1/2, Akt, p38 MAPK, JNK and NF-κB (p65), as indicated. Shown is one representative experiment of three. B. Conditions were as described in the legend to Fig. 1D except that BV-2 microglia were pretreated for 30 min with the indicated inhibitors and then transferred to the upper chambers for migration assay. Results are expressed as the mean ± SD (n=3). C. S100B stimulates microglia migration via RAGE-dependent activation of Ras, Rac1, Cdc42 and RhoA. Conditions were as described in the legend to Fig. 1B except that BV-2 microglia were transiently transfected with dominant negative mutant (DN) of Ras, Rac1, Cdc42 or RhoA, IκBα-SR or empty vector and then transferred to the upper chambers for migration assay. Results are expressed as the mean ± SD (n=3). *Significantly different from control (first column from left in panels A and B). Knockdown of diaphanous-1 results in reduction of S100B-dependent activation of JNK, but not NF-κB, ERK1/2 or p38 MAPK, and reduction of basal and S100B-dependent activation of Src. Conditions were as described in the legend to Fig. 2A except that BV-2 microglia were transiently transfected with diaphanous-1 siRNA or non-silencing siRNA before processing for Western blotting. Shown is one representative experiment of three. C. S100B/RAGE-dependent chemoattraction of microglia is dependent on diaphanous-1 in part. Conditions were as described in the legend to Fig. 2A except that BV-2 microglia were transiently transfected with diaphanous-1 siRNA or non-silencing siRNA and then transferred to Boyden chambers for migration assay. Results are expressed as the mean ± SD (n=3). *Significantly different from control (first column from left in panels A and C).
# Significantly different from internal control. Fig. 4 . S100B upregulates the expression of CCL3, CCL5 and CXCL12 chemokines in a RAGE-dependent manner. A. BV-2/mock microglia were treated with increasing concentrations of S100B for the indicated time, and total mRNA was extracted and subjected to real-time PCR for quantification of CCL3, CCL5, and CXCL12 mRNAs. B. Same as in A except that BV-2/RAGEΔcyto microglia were used. C. Same as in A except that BV-2 microglia were pretreated with the indicated inhibitors and analyses were restricted to CCL3 and CCL5. D. Diaphanous-1 siRNA-treated and control BV-2 microglia were analyzed for CCL3 and CCL5 expression by real-time PCR. Results are expressed as the mean ± SD (n=3). Fig. 5 . S100B stimulates CCL3 and CCL5 secretion and CCR1 and CCR5 expression in a RAGE-dependent manner. A. BV-2/mock and BV-2/RAGEΔcyto microglia were treated for 6 h with increasing doses of S100B. Culture media were analyzed for CCL3 and CCL5 content by ELISA. B. Conditions were as described in Fig. 1A except that BV-2 microglia were pretreated with PTX before migration assay. C. Conditioned media from control (CM) and S100B-treated (CM/S100B) BV-2/mock microglia stimulate BV-2/mock but not BV-2/RAGEΔcyto microglia migration. BV-2/mock microglia were treated for 20 h with vehicle or 1 µM S100B. The culture media were collected and added to the lower compartment of Boyden chambers, and BV-2/mock or BV-2/RAGEΔcyto microglia were added to the upper compartment and allowed to migrate for 6 h. D. BV-2/mock and BV-2/RAGEΔcyto microglia were treated for 5 h with vehicle or 1 µM S100B and CCR1, CCR3 and CCR5 expression levels were measured by real-time PCR. Results are expressed as the mean ± SD (n=3). *Significantly different from control (first column from left in panel D). Fig. 6 . A. S100B induces shape changes in BV-2 microglia in a RAGE-dependent manner. BV-2/mock, BV-2/RAGEΔcyto and BV-2/RAGE microglia were cultivated on glass coverslips, treated for 3 h with increasing concentrations of S100B and fixed. The cells were subjected to immunofluorescence using a monoclonal anti-tubulin antibody (green) and then treated with rhodamine-phalloidin to stain F-actin (red). Nuclei were counterstained with DAPI (blue). Shown is one representative field for each condition. A quantitative analysis is also shown. B. Schematic representation of the molecular mechanism whereby S100B stimulates microglia migration via RAGE engagement. Through multiple pathways S100B/RAGE stimulates the expression (↑) and release of chemokines that in turn, chemoattract microglia. In addition, S100B activates a RAGE/diaphanous-1/Ras/PI3K/RhoA/ROCK and a RAGE/diaphanous-1/Cdc42-Rac1 pathway that cause the cytoskeleton rearrangement and cell shape changes required for microglia motility. 
